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Sustainable mitigationIn rural Bangladesh, drinking water supplymostly comes from shallow hand tubewells installedmanually by the
local drillers, themain driving force in tubewell installation. This studywas aimed at developing a sediment color
tool on the basis of local driller's perception of sediment color, arsenic (As) concentration of tubewell waters and
respective color of aquifer sediments. Laboratory analysis of 521 groundwater samples collected from 144 wells
during 2009 to 2011 indicate that As concentrations in groundwater were generally higher in the black colored
sediments with an average of 239 μg/L. All 39 wells producing water from red sediments provide safe water
following the Bangladesh drinking water standard for As (50 μg/L) where mean and median values were less
than the WHO guideline value of 10 μg/L. Observations for off-white sediments were also quite similar. White
sediments were rare and seemed to be less important for well installations at shallow depths. A total of 2240
sediment samples were collected at intervals of 1.5 m down to depths of 100 m at 15 locations spread over a
410 km2 area inMatlab, Bangladesh and comparedwith theMunsell Color Chart with the purpose of direct com-
parison of sediment color in a consistent manner. All samples were assigned with Munsell Color and Munsell
Code, which eventually led to identify 60 color shade varieties which were narrowed to four colors (black,
white, off-white and red) as perceived and used by the local drillers. During the process of color grouping,water Arsenic Research Group, Department of Sustainable Development, Environmental Science and Engineering, KTH Royal
holm, Sweden. M. Hossain: Tel.: +46 8 790 8063, +46 70 400 3498 (Mobile); P. Bhattacharya: Tel:+46 8 790 7399, +46 70
in2001@yahoo.com (M. Hossain), prosun@kth.se (P. Bhattacharya).
. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
616 M. Hossain et al. / Science of the Total Environment 493 (2014) 615–625participatory approach was considered taking the opinions of local drillers, technicians, and geologists into ac-
count. This simpliﬁed sediment color tool can be used conveniently during shallow tubewell installation and
thus shows the potential for educating local drillers to target safe aquifers on the basis of the color characteristics
of the sediments.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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Fig. 1. Four color sands with corresponding risks of As concentration in water under
varying redox status.1. Introduction
Access to safewater supply is a basic human right and one of themost
essential requisites of good health. Natural arsenic (As) in groundwater
exposes millions of people to health risks of various magnitudes through
drinking water and is a big challenge globally (Bundschuh et al., 2010). A
recent publication (Argos et al., 2010) has raised serious concern that in-
cidences of As in drinking water would cause a large number of deaths
due to cancer alone if the problem is not properly managed.
For drinking water supply, the Bangladeshi population almost
entirely depends upon groundwater sources. The remarkable achieve-
ment in reducing the scale of cholera and diarrheal diseases and infant
mortality in the 1970s and 80s became possible from the increased
use of groundwater for drinking (Steer and Evans, 2011). The occur-
rence of natural As in groundwater and its exposure drastically reduced
the safe water access across the country with more severity in the
southern half. In cities and urban areas, the supply is based on a piped
water supply system. But in rural Bangladesh, water supply is mostly
obtained by manually operated hand pumps in tubewells installed by
the communities themselves.
Despite signiﬁcant progress in our understanding of the source and
distribution of arsenic (As), and its mobilization through sediment–
water interactions (Bhattacharya et al., 1997, 2002; Nickson et al.,
1998; BGS, DPHE, 1999, 2001; Harvey et al., 2002; van Geen et al.,
2003; Ahmed et al., 2004; Islam et al., 2004; Mukherjee and
Bhattacharya, 2001;McArthur et al., 2004; Charlet et al., 2007; Saunders
et al., 2005; Polizzotto et al., 2008; Nath et al., 2009; Polya and Charlet,
2009; Bundschuh et al., 2010; Mukherjee et al., 2011; Biswas et al.,
2012a, 2012b), there has been limited success in mitigation attempts
in Bangladesh (Ahmed et al., 2006). A social survey conducted in 96
villages ofMatlab for a parallel study by the same research group during
2009–2011 revealed that only 18% of the total tubewells provided safe
water. Among these, the safe water access also varied widely between
0 and 90% with respect to the total tubewells installed in villages sur-
veyed (SASMIT Annual Report, 2011; Hossain et al., 2012). In addition
to poverty, unplanned development programs and lack of awareness,
inadequate knowledge of local geology was also found as an important
cause for installing tubewells in unsafe aquifers.
Different alternative safe drinking water options, such as, Arsenic
Removal Filter (ARF), Rain Water Harvester (RWH), Pond Sand Filter
(PSF), and Arsenic-safe tubewells have been provided in various affected
areas in Bangladesh (Jakariya et al., 2005, 2007; Inauen et al., 2013). A re-
cent evaluation of these options conducted in Matlab (Hossain et al.,
2011) reveals that the tubewells are the most widely accepted option
with almost no-cost of operation and availability of good quality water
throughout the year.
At present, the main problem is the huge gap between the extent of
exposure and the pace of mitigation. Therefore the main challenge is to
develop a simple cost-effective tubewell option which would be easily
acceptable by the people and possible to install and maintain by them-
selves. Hand percussion drilling is the most common method of
tubewell installation used by the local drillers. This is a local technology,
cost-effective and needs readily available inexpensive equipment.
Although government programs and non-government projects extend
their cooperation through installation of tubewells, nevertheless most
of the tubewells (about 90% in the whole country) are installed by the
community with the help of the local drillers.In order to change the scenario of safe water access in the arsenic
affected areas, importance largely lies with the development of a
method/tool by which the local drillers can identify and target safe
aquifers without the aid of technical expertise. This kind of knowledge
and education of the local drillers can be extremely useful in scaling-
up safe water access.
Based on the color perception of the local drillers, the four color
(black, white, red, off-white) hypothesis was proposed by von
Brömssen et al. (2007) based on the study carried out in two villages
of Matlab. The relationship of aquifers' sediment color and corre-
sponding As concentration in waters derived from those sediments
was evaluated based on monitoring of 40 wells sampled in May 2004.
Color of screen layer sediments was depicted mainly by the respective
drillers who had installed the wells before the study. Local drillers
have been installing tubewells targeting red/off-white aquifers for
low-iron water for the last few years and eventually now they have
acquired the knowledge that the color could be related to As concentra-
tion in tubewell water. Relevance of sediment color with respect to As
in water has also been reported from Araihazar (e.g. van Geen et al.,
2004), Savar (e.g. Stollenwerk et al., 2007) and this study area Matlab
(e.g. Hossain et al., 2010a) and Munshiganj (e.g. Hug et al., 2011) in
Bangladesh and West Bengal, India (McArthur et al., 2004; Pal and
Mukherjee, 2008, 2009; Datta et al., 2011; Biswas et al., 2012a, 2012b,
2014), which reﬂects similar observations from a wider geographic
range. According to the existing four color hypothesis as shown in
Fig. 1, highest risk lies with the black color sediments and gradually
reduces towards red. Although we are dealing with four colors, black
and red colors carry more importance considering their wider occur-
rence in the ﬁeld of shallow tubewell installation.
Themain objective of this study is to validate the four color hypothesis
through an extensive hydrogeological investigation and thereafter to
develop a sediment color tool (Hossain et al., 2010b, 2013) for a wider
spatial coverage at different depths so that the driller's perception have
a scientiﬁc basis for targeting arsenic-safe aquifers. If the drillers can iden-
tify the aquifers in the ﬁeld, it would bring a signiﬁcant change to mini-
mize the gap between arsenic exposure and safe water access in rural
Bangladesh.
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2.1. Study area
The Matlab region (Fig. 2a–b) located in the southeastern part of
Bangladesh was chosen as the study area because of three important
reasons — (a) a severely affected area from arsenic contamination,
(b) safe water access is very limited, and (c) intensively investigated
from scientiﬁc, social and health aspects of arsenic.
The study area constitutes a portion of the Bengal Delta which
lies near the conﬂuence of the three major rivers, the Ganges, the
Brahmaputra and the Meghna. Geomorphologically, the study area
characterized by vast ﬂat plain, meander channels, natural levees, ox-
bow lakes, and back swamps is a low-lying area (3–10 m asl measured
by this study)where agriculture is themain land use pattern. According
toMorgan andMcIntire (1959) and Bakr (1977), this area is constituted
by Chandina Deltaic Plain (also known as Tippera Surface) stretched in
the east andmostly byMeghna Flood Plain in thewest. Both units com-
prise mainly clay, silt and sand. Present day river Meghna and its tribu-
taries formed Meghna Flood Plain deposits, while the Chandina
Formation is rather compacted, weathered and more oxidized.2.2. Test boring and installation of depth and color speciﬁcmonitoringwells
For a comprehensive hydrogeological investigation through sedi-
ment characterization and monitoring water quality, this study con-
ducted test borings in 15 locations targeting shallow, intermediate
and deep aquifers (Fig. 2c). For shallow borings, an exclusively hand-
percussion (sludger) method was used. Deep borings were done up to
a depth of 250 m, and rotary reverse-circulation drilling (locally called
the Donkey method) was used. For the intermediate deep ones, both
hand-percussion and the Donkey method were used depending on
driller's knowledge about speciﬁc site characteristics. Visualizing the
subsurface geology using borelogs, 78 piezometers were installed for
groundwater monitoring in these 15 sites. In deciding the screen posi-
tions of the monitoring wells, some speciﬁc criteria, such as, different
aquiferswith varied sand color, depth of high (peak) arsenic in tubewell
water (revealed from the analysis of secondary data) and water table
ﬂuctuation data collected from Bangladesh Water Development Board
(BWDB) were considered.90°4290°36'E
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Fig. 2.Map of Bangladesh (a) with the location of the study area (For this study, we have considered the observations made up to a
depth of 100 m for both sediment samples and water quality with the
purpose of developing a color based tool which could be used by the
drillers to target safe aquifers within shallow depth using hand-
percussion drilling.
2.3. Sediment sampling and characterization
Sediment samples were collected from each 1.5 m (5 ft) section
during boring. From 15 locations, sediment sample collection up to a
depth of 100 m (330 ft) provided us 2240 samples which have been
characterized based on their grain size and color. For grain size, clay,
silt, ﬁne sand, medium sand and coarse sand were determined with
the aid of visual inspection. For assigning color, visually observed color
was recordedﬁrst and then sedimentswere comparedwith theMunsell
Color Chart with the purpose of standardization of color characteristics
through a scientiﬁc method that allows a methodical re-examination
and replication in the study area and elsewhere in the same manner.
TheMunsell Color System(Munsell Color x-rite, 2009) comprises thir-
teen charts describing colors by an arrangement of three dimensions —
Hue, Value and Chroma. The Hue notation reﬂects the color with
respect to red, yellow, green, blue and purple. Value indicates the degree
of lightness — in a vertical scale color gradually becomes light from
bottom to top in visually equal steps with the increasing number. In the
similar fashion, Chroma notation indicates its strength with respect to
the neutral of the same lightness— in a horizontal scale which increases
from left to right. The use of Munsell color codes in describing the sedi-
ments made them distinctive from each other and thus reduces the risk
for misinterpretation of the sediment colors.
The color characterization of sediments and the narrow down process
to develop the color tool have been very simple and carried out as below:
Step-1 Immediately after collection of sediment sample, each of them
was described based on the visual inspection in themoist condi-
tion and this color has been recorded as ‘ﬁeld observed color’.
Step-2 Each sample was then compared with the Munsell Color Chart
and using this chart Munsell Color and Munsell Code were
recorded respectively. These two steps (1 and 2) eventually
led to ﬁnding all possible color varieties.
Step-3 In thenarrowdownprocess, each samplewasﬁnally assigned to
one of the four colors — black, white, off-white and red (Fig. 3).90°48'E'E
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Overview of the drinking water wells and piezometers used for water chemistry monit
Source/agency installed No. of wells No. of water samples
considered
Private drinking water wells which have been 18 139
monitored by other KTH studies since 2004 study (von Brömssen et al., 2007) and has
been rechecked with respective drillers by
this study
Drinking water wells installed by AsMat — a
Sida ﬁnanced project (2000–2006)
14 54 52–88 2009 Premonsoon–2010 Postmonsoon Borelogs were recorded by AsMat project.
Respective well owners and drillers were
interviewed again by this study
– – 6 8 14
CUAMP (Columbia University, NY — NGOF)
Project installed wells during 2009–2012
12 18 56–82 2009 Postmonsoon–2010 Postmonsoon Sediment samples were collected and
characterized by this study during the
installation of the wells by CUAMP
1 – 3 8 12
Private wells installed by local drillers 16 56 26–91 2009 Premonsoon–2010 Postmonsoon Sediment color info was collected from the
local drillers by this study during
well installation
8 2 – 6 16
SASMIT piezometers installed by this study 57 223 9–104 2009 Premonsoon–2011 Postmonsoon Boring, sediment characterization and well
installation was done by this study
41 9 5 2 57
SASMIT test wells installed by this study 27 31 46–88 2010 Premonsoon–2010 Postmonsoon Boring, sediment characterization and well
installation was done by this study
11 1 4 11 27
Total 144 521 66 14 25 39 144
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Fig. 5. The concentration of As in groundwaters derived from the sediments of the four color groups: a) with respect to depth; b) enlarged view of the levels of As in the red and off-white
groups.
619M. Hossain et al. / Science of the Total Environment 493 (2014) 615–6252.4. Water sampling and analysis
Groundwater samples were collected during the period between
2009 Pre-Monsoon and 2011 Post-Monsoon from 144 wells (Fig. 4)
for which the study team has been conﬁdent about the color of the
aquifer sediments, where the well screens were installed. Among
these wells, 87 are drinking water tubewells and 57 monitoring
piezometers. In ourmonitoring network for this studywe have included
18 wells that have been monitored by other studies at KTH since 2004
(Jonsson and Lundell, 2004; von Brömssen et al., 2007; Robinson et al.,
2011). An overview ofwellsmonitored during this study is summarized
in Table 1, which also provides the approach for conﬁrmation of the
color of the aquifer sediments.
Sampling was carried out following the procedure as described by
Bhattacharya et al. (2002). Wells were purged before measurements
of on-site parameters and collection of water samples in order to get
data representative of the actual groundwater ﬂow. Redox potential
(Eh), pH, electrical conductivity (EC) and temperature were measured
using the portable ﬁeld meters which were calibrated at least once
daily. Radiometer Copenhagen pH C2401-7 electrode was used for mea-
suring the pH, while Eh was measured by a Radiometer Copenhagen
MC408pt combination electrode. The measured redox potentials were
later corrected with respect to the standard hydrogen electrode (+244
mV). Measurements of electrical conductivity and temperature were
taken by Aqualytic portablemeter (CD 22). All sampleswere ﬁltered dur-
ing collection using 0.45 μm Sartorius single use membrane ﬁlters. Sam-
ples collected in polyethylene bottle for cation and trace element
analysis were acidiﬁed with Merck suprapure HNO3, and samples for
anion analysis were collected without acidiﬁcation. Major anions (F−,Table 2
Summary of As concentration in waters derived from aquifers assigned with four colors.
Aquifer's
sediment color
No. of
wells
Depth
range
(m)
No. of samples
analyzed
No. of wells comply
with BDWS
% of wells com
with BDWS
Black 66 9–91 230 11 17%
White 14 58–104 49 10 71%
Off-white 25 24–88 119 22 88%
Red 39 47–82 123 39 100%
Total 144 521Cl−, NO3− and SO42−), PO43−-P and NH4+-Nwere measured with Aquatec
5400 analyzer equipped with a Dionex DX-120 ion chromatograph in
an IonPac As14 column at thewater chemistry laboratory of theDepart-
ment of Sustainable Development, Environmental Science and Engi-
neering, KTH Royal Institute of Technology, Stockholm, Sweden. In the
same laboratory, dissolved organic carbon (DOC) in water was mea-
sured on a Shimadzu 5000 TOC analyzer. Arsenic along with other
trace elements andmajor cations (Na+, Ca2+, Mg2+ and K+) were ana-
lyzed by inductively coupled plasma optical emission spectrometry
(Varian Vista-PRO Simultaneous ICP-OES equipped with SPS-5 auto-
sampler) at the laboratory of the Department of Geological Sciences,
Stockholm University, Sweden. During laboratory analysis, synthetic
chemical standards and the duplicates were analyzed after every
10 samples. In all cases, concentrations of trace elements in the cer-
tiﬁed and synthetic standard (NIST SRM 1643) were found within ±
10% of their true values. For checking accuracy and precision of the
results, replicate analyses were carried out which indicated varia-
tions within the range of ±10%.
3. Results
3.1. As concentration in groundwater from aquifers assigned with
four colors
The distribution patterns of black sediments show a wide range of
variability in terms of depth and As concentration (Fig. 5), although a
signiﬁcant proportion (50%) of wells (n = 66) installed in black
sediments are located within a very shallow depth range of 10–40 m.
Arsenic in black sediment aquifers show the wide range ofply No. of wells comply
with WHO guideline
% of wells comply
with WHO guideline
Max
(μg/L)
Min
(μg/L)
Mean
(μg/L)
Median
(μg/L)
6 9% 739.8 5.6 239.2 240.1
3 21% 150.6 5.6 36.1 27.7
15 60% 43.9 2.6 12.1 8.4
24 62% 21.8 2.6 9.4 8.6
Fig. 6.Major ion composition of groundwater derived from the sediments of the four color
groups plotted on a piper diagram.
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as high as 239 μg/L and a very limited number of wells comply with
the Bangladesh drinking water standard and WHO guideline values
(Table 2). Considering the probability of As-enrichment in water ab-
stracted from black-colored sediments, they are assigned as ‘high-risk’
in the hypothesis which is clearly revealed from the results of the cur-
rent study.
Arsenic in water samples collected from 39 wells abstracting water
from red color sediments provides safe water following the Bangladesh
drinking water standard of 50 μg/L. Average and median values are
less than the WHO guideline value of 10 μg/L (Table 2). Depth of these
red sediment wells is between 47 and 82 m. In terms of depth and As
concentration in water, 25 wells installed in off-white aquifers are simi-
lar to red sands to a large extent. White color sediments were recorded
from only 14 wells and all of them are installed below the depth of
55 m. The white sediments seemed of less importance as aquifers for
tubewell installation at shallow depths.3.2. Hydrochemical variation in groundwater from aquifers assigned with
four colors
Major ion chemistry andwater types are presented in Fig. 6. Ground-
waters abstracted from black sediments are characterized mainly byTable 3
Statistical summary of As. pH. Eh and redox sensitive parameters in waters from aquifers assig
Parameters Black sediments
No of wells: 66
No of samples: 230
White sediments
No of wells: 14
No of samples: 49
Max Min Mean Median StdD Max Min Mean Median
As (μg/L) 740 5.6 239 240 175 151 5.6 36.1 27.7
Mn (mg/L) 4.0 0.01 0.7 0.3 0.8 2.1 0.04 0.5 0.3
Fe (mg/L) 40.3 0.01 6.5 5.2 5.3 30.9 0.81 7.1 6.8
SO4 (mg/L) 39.3 0.01 1.9 0.7 3.5 20.7 0.01 1.4 0.5
HCO3 (mg/L) 1052 122 454 427 204 465 84 276 274
DOC (mg/L) 29.6 1.4 9.6 8.0 6.0 11.5 1.3 4.8 3.9
NH4-N (mg/L) 57.8 0.01 6.3 2.7 10.4 10.2 0.01 1.7 0.3
PO4-P (mg/L) 11.5 0.01 1.7 1.2 1.9 4.7 0.01 1.1 0.7
pH 7.8 6.3 6.9 6.9 0.2 7.5 6.0 6.9 6.9
Eh (mV) 349 109 239 242 47 342 113 247 260Ca–Mg–HCO3 to Na–Cl–HCO3 type, while the water samples collected
from white and red sediments are predominantly Na–Cl–HCO3 type.
Predominance of Ca and Mg was also observed in waters derived from
off-white aquifers.
Redox sensitive parameters along with As concentrations ob-
served from groundwaters sampled from all four color sediments
are summarized in Table 3. Groundwaters derived from black sedi-
ments are characterized by elevated concentration of HCO3−, DOC,
Fe2+, NH4+ and PO43− and very low Mn and SO42− (Fig. 7). Relatively
high Mn and SO42− and low concentration of HCO3−, DOC, Fe2+,
NH4+ and PO43− were observed in waters abstracted from red and
off-white sediments. The concentration of SO42− is in general low, ex-
cept some wells located in Uttar Nayergaon area in the northeastern
part of the study area around piezometer nest 4. These high sulfates
are also associated with high Na and Cl. A kind of mixed characteris-
tic was observed in groundwaters derived fromwhite sediments. For
Mn, Fe2+ and SO42− these are similar to the black group; and HCO3−
and DOC concentrations are in the same trend as in the red and off-
white groups; while NH4+ and PO43− are in between black and red
sediments. Manganese was found high (NWHO previous guideline
value of 0.4 mg/L) in waters abstracted from the red and off-white
sediments and therefore the presence of elevated Mn could be a lim-
iting factor for targeting red and/or off-white sands for tubewell in-
stallation. Groundwaters sampled from wells screened in black and
white sediments contain relatively low Mn.3.3. Sediment characterization, standardization and development of
color tool
Sixty color varieties (Fig. 8) were identiﬁed taking all the sediment
samples into account from different depths up to 100 m and 15 loca-
tions through detailed scrutiny of the sediment color and classiﬁcation
as described earlier. Bringing down all sixty color varieties into four
major colors, it was possible to group different color shades which led
to a simpliﬁed color tool (Fig. 9) for use in a convenientway for tubewell
installation. Munsell color hue 2.5Y and 10YR were found to be most
common inmatching the sediment samples and in theprocess of group-
ing them into four color groups (black, white, off-white and red). Some
of the color shadesmatchedwell with hue 5Y also. Munsell code 2.5Y 4/
1↔ 5/4 and 10YR 3/2↔ 5/2 corresponding toMunsell color dark gray
and dark grayish brown to light olive brown, olive and olive gray
matched well under black color sediments. Munsell color shades locat-
ed in the top-left part of the charts for hue 2.5Y, 5Y and 10YR, such as,
light gray, light olive gray and white were best-ﬁtted under white
color group. Munsell colors ranging from pale yellow and yellow to
pale olive and pale brown with respective codes 2.5Y 7/3↔ 7/8; 5Y
6/3↔ 7/6 and 10YR 6/2↔ 7/6 were found best suitable to be included
in the off-white color group. Similarly, light yellowish brown and olive
yellow to brown, yellowish brown and yellow color shades withned with four sediment color groups.
Off-white sediments
No of wells: 25
No of samples: 119
Red sediments
No of wells: 39
No of samples: 123
StdD Max Min Mean Median StdD Max Min Mean Median StdD
35.3 43.9 2.6 12.1 8.4 9.6 21.8 2.6 9.4 8.6 4.9
0.5 4.3 0.02 2.0 1.9 1.2 4.8 0.2 2.0 1.8 1.0
5.4 10.8 0.07 2.0 0.7 2.5 18.9 0.01 1.7 0.47 3.4
3.1 54.4 0.01 3.9 1.6 8.1 72.9 0.01 5.7 1.1 14.3
89 641 87 227 183 122 648 61 222 206 97
2.9 9.8 0.3 3.5 2.9 2.5 10.3 0.6 4.5 4.5 2.9
2.9 12.8 0.01 0.5 0.03 1.7 2.6 0.01 0.2 0.06 0.4
1.4 3.7 0.01 0.3 0.09 0.5 0.8 0.01 0.1 0.04 0.1
0.3 7.5 6.0 6.7 6.7 0.3 7.4 6.1 6.7 6.7 0.2
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Fig. 7.Box plots showing the variations of (a) total As, (b)Mn, (c) Fe, (d) SO42−, (e) HCO3−, (f) DOC, (g)NH4+ and (h) PO4-P in groundwater samples derived from the aquifers assignedwith
respect to four colors.
621M. Hossain et al. / Science of the Total Environment 493 (2014) 615–625corresponding codes of 2.5Y 6/3↔ 6/8 and 10YR 4/3↔ 7/8 located in
the right-top corner of the respective Munsell charts were cate-
gorized under the red color group. For a few color shades, it
was difﬁcult to decide the appropriate color group due to their
overlapping character and/or transition between two colors.Such examples are 2.5Y 6/1 (decided white but easily confused
with 2.5Y 5/1 which is black); 2.5Y 7/3 assigned as off-white
could be grouped as white also; and 10YR 5/3 seems good for
black even although it was found better suitable under the red
color group.
Fig. 8. Sixty varieties of sediment colors observed with respective four colors assigned.
622 M. Hossain et al. / Science of the Total Environment 493 (2014) 615–625Using this simpliﬁed color scheme that takes the range of observed
sediment colors into consideration, any user can make a decision on
the appropriateness of water supply for human consumption. In thissimpliﬁcation, we are not trying to set any concentration of arsenic
with respect to the different color shades observed and categorized
under each of the four color groups. Therefore, in this grouping process,
2.5Y 6/42..5Y 4/1
White
RedBlack
Off-white
Fig. 9. A prototype of the simpliﬁed color tool for the use of local drillers for targeting safe aquifers at shallow depths (b100 m).
623M. Hossain et al. / Science of the Total Environment 493 (2014) 615–625color as a whole is related to arsenic concentration, such as, black un-
suitable and red suitable.
4. Discussion
According to the hypothesis that we are testing, black color sands
have been designated as unsafe and in the high-risk group. Black sedi-
ments with high-As (≥50 μg/L) give a true-negative (Fig. 10) result,
when this color tool is evaluated in terms of identifying potential prob-
lem aquifers. On the contrary, red sediments producing As-safe water
give a true-positive result. Among 66 wells, all of which are installed
in black colored sediments, 11wells produce As-safewaterwith respect
to Bangladesh drinking water standard (BDWS). Here we see that 17%
(n = 11) of black sediments provide false-negative error, which
means that these 17% wells are not unsafe as were expected because
of black sediments. Low As in black sediments could be the result of
highly reducing condition in the aquifers, when the stage of SO42− re-
duction is reached. Under such condition, immobilization of As
through co-precipitation with authigenic pyrite (Lowers et al.,
2007; Nath et al., 2008) could cause low concentration of As in the
water. Similarly, all wells in red colored sediments (n= 39) produce
safe water with respect to BDWS; implying that 100% are true-
positive and 0% false-positive. Here true positive means red sedi-
ments are considered positive as they produce As-safe water.
When compared with the WHO guideline value, true-negative for
black sediments accounts 91% and true-positive for red sediments
comes 62%. These observations of high values of true-negative for
black sediments and true-positive for red sands along with a meanand median value for As below WHO guideline strengthen the color
hypothesis to a great extent.
External validation, observer's inﬂuence, and other limiting factors
can be discussed with respect to the methods used and the results. As
external validation of the tool, the studies conducted in severely As-
contaminated areas in West Bengal, India (viz. Pal and Mukherjee,
2008, 2009;Datta et al., 2011; Biswas et al., 2012a, 2012b, 2014) provide
similar results, where black sands produce mostly As contaminated
water and red sands provide As-safe water.
During the coding of all sixty varieties, as a method, the use of
Munsell color chart allowed us to reduce the possibility of making
error to a great extent considering observer's inﬂuence as a factor of
concern. But when each of the sixty varieties has been simpliﬁed into
four color groups, the methodology was based on a participatory ap-
proach where the opinions of ﬁeld geologists, technical experts and
local drillers were taken into account. In this narrow down process, it
is worth to mention that color perception is not the same to all people
and there is no sharp contrast (deﬁned boundary) between the colors.
In this study, local driller's opinion was considered to be most impor-
tant, as this four major color hypothesis was mainly developed based
on their color perception gained through their work experience. In de-
veloping the simpliﬁed four color tool, very satisfactory agreement
(more than 80%) was observed between the research team and local
drillers and also among the drillers themselves. Time of the day and
sun light could also play an important role in deciding the sediment
color and thereby to make decision about the aquifer targeted for
tubewell installation. This is more crucial for the identiﬁcation of off-
white color. Based on this study ﬁndings, an attempt was made to
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Fig. 10. Generic approach for the validation of sediment color tool for As (a) Bangladesh
drinking water standard and (b) WHO guideline value.
624 M. Hossain et al. / Science of the Total Environment 493 (2014) 615–625target off-white sands for the installation of 33 safe drinking water
wells, among which 25 (76%) were successful compared to BDWS.
This evidence may be considered as a limitation to target off-white
aquifers, specially the problem of identiﬁcation of the targeted color
when day light is a factor.
5. Conclusions
Sediment color and their relation to arsenic concentration in
respective water are validated from a three year (pre- and post-
monsoon) monitoring carried out in an extensive area and at differ-
ent depths targeting aquifers of four colors which are also different
in terms of redox characteristics. The validation of driller's percep-
tion on sediment colors led to the development of a simpliﬁed sedi-
ment color tool which provides an idea on the possible color shades
under each of the four major colors black, white, off-white and red.
This tool is user friendly and through the use of this tool it would
be easy to target red colored sands for the installation of As-safe
tubewells. Similarly, black colored sands must be avoided. Off-
white sands could also be targeted as they give similar result as red
sediments, but identiﬁcation of off-white could be difﬁcult in some
cases which are considered as a factor of risk or uncertainty. White
sands are seldom encountered at shallow depths and of less concern
for shallow tubewell installation.
This study shows the potential for educating local drillers to
target safe aquifers on the basis of the color characteristics of the
sediments, which might be replicable to obtain arsenic safe waterin many areas of Bangladesh and elsewhere in the world having
similar geological environment characterized mainly by deltaic/alluvial
sediments. Practically, if the local drillers can target safe aquifers
based on this sediment color tool, it will play a signiﬁcant role in As
mitigation where the practice of using tubewell is well established
and the local drillers are the main driving force in tubewell
installation.
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